Introduction: Mothers and infants are at high risk for inadequate vitamin D status. Mechanisms by which vitamin D may affect maternal and infant DNA methylation are poorly understood.
Introduction
V itamin D is a fat-soluble prohormone obtained through exposure to sunlight or orally in the form of few natural foods, some fortified foods, or supplements, with serum status subject to genetic and additional environmental influences. 1 The Institute of Medicine (IOM) recommends that pregnant and lactating women receive 600 international units (IU) daily and infants receive 400 IU daily of vitamin D and defines a 25-hydroxyvitamin D [25(OH)D] blood level of <20 ng/mL as deficiency. 2 Others (e.g., the Endocrine Society, 3 Holick 4 ) propose that significantly greater intake may be required among mothers and infants to achieve sufficiency [i.e., 25(OH)D levels ‡30 ng/mL] and to achieve optimal benefits [i.e., 25(OH)D levels ‡40 ng/mL]. A large number of women and infants fail to meet even the IOM recommendations, resulting in U.S. rates of vitamin D deficiency ranging from 14% to 72%, dependent upon the location and characteristics of the sample under study. 5, 6 During pregnancy and lactation, maternal vitamin D plays a well-established role in calcium homeostasis during fetal osteogenesis and infant bone mineralization. More recently, lower maternal vitamin D status has been witnessed in the context of gestational diabetes, 7 preterm birth, 8 preeclampsia, 9 postpartum weight retention, 10 and infant respiratory tract infection. 11 Maternal vitamin D deficiency has also been linked to long-term offspring illness, such as risk for type 1 diabetes 12 and eczema. 13 These findings suggest that vitamin D plays a larger role in maintaining maternal and offspring health than once appreciated, although mechanisms have not been elucidated.
The short-term effects of maternal vitamin D deficiency on infant health may be explained by associations among maternal and infant vitamin D status due to placental and breast milk transfer. 14 Given the time lapse between pregnancy, lactation, and more long-term health outcomes of the child, the potential for fetal programming as mediated by epigenomic effects of maternal vitamin D status has also been of interest. Specifically, addition or removal of methyl groups to phosphate-linked cytosine-guanine (CpG) dinucleotides (i.e., DNA methylation) has been implicated as a potential mechanism linking in utero and early life vitamin D status to long-term offspring gene expression (reviewed by Wright et al. 15 ).
Vitamin D status has been shown to affect the epigenome of nonpregnant/nonlactating adults, which may help to explain associations among maternal vitamin D deficiency and complications of pregnancy. 16 Moreover, animal models now link maternal vitamin D status to the methylation and expression of several targeted genes. 17, 18 Epigenome-wide comparison of offspring born to vitamin D supplemented versus depleted pregnant Sprague-Dawley rats has also identified differential DNA methylation with downstream implications for offspring health. 19 Studies of this nature have been rare in humans, with null results noted upon examination of associations among circulating maternal 25(OH)D levels and targeted 20 or epigenome-wide DNA methylation in infant cord blood. 21 The effects of maternal vitamin D supplementation, allocated randomly, on maternal and infant DNA methylation across the epigenome remain to be determined, but have the potential to generate novel evidence for the molecular underpinnings of vitamin D-related health outcomes. Therefore, this study aimed to identify the combined effect of pre-and postnatal maternal vitamin D supplementation on epigenomewide DNA methylation of leukocytes sampled from women at birth, these same women after 4-6 weeks of lactation, and their breastfed infants at 4-6 weeks of life.
Materials and Methods

Design
This study used a double-blind, randomized controlled design as previously reported in detail. 14 Briefly, following approval by the institutional review board, study recruitment and enrollment commenced. Potential participants were approached by research team members and provided with written and verbal descriptions of the study and participant requirements. All study participants provided written informed consent and HIPAA authorization before data collection.
Setting
Women were recruited from a single Midwestern hospitalbased obstetric practice when they presented for routinely scheduled prenatal care between 24 and 28 weeks of gestation. Data collection occurred from July 2012 through January 2013.
Sample
Sampling was by convenience. Women 18 years or older, with a current pregnancy between 24 and 28 weeks, intent to breastfeed for at least 4-6 weeks, and history of breastfeeding for at least 4 weeks with a prior infant (to mitigate attrition) met inclusion criteria. Exclusion criteria included preexisting type 1 or type 2 diabetes, hypertension, parathyroid disease, uncontrolled thyroid disease, and use of vitamin D supplements beyond a prenatal vitamin in the last 6 months.
Participants were randomized to one of two study groups through allocation concealment based on an a priori sequence. Blinding of the intervention was maintained at the level of participants, the data collectors, and the data analyst until completion of all data collection. Participants randomized to the placebo arm received prenatal vitamins containing 400 IU vitamin D 3 plus a placebo capsule (both taken daily). Participants randomized to the intervention arm received prenatal vitamins containing 400 IU vitamin D 3 plus a vitamin D capsule containing 3,400 IU (both taken daily). Participants were instructed to take their assigned supplements daily starting on the day of enrollment through 4-6 weeks postpartum and were contacted bimonthly for evaluation of intervention fidelity and to maintain participant interest. All participants were also encouraged to supplement their infants at 400 IU/daily vitamin D according to recommendations for breastfed infants. 2
Measurement
Dietary intake. The Food Frequency Questionnaire (FFQ 22 ) was administered to women at enrollment and at the postpartum visit to assess their dietary intake over the prior 3 months. The FFQ is akin to the Harvard Service FFQ 23 and allows for the quantification of self-reported dietary intake, including calcium and vitamin D. Infant dietary intake from nonbreast milk sources was recorded using an investigatorgenerated instrument. Infants receiving breast milk with no other liquids or solids with the exception of recommended vitamin D 400 IU supplementation were categorized as exclusively breastfed. 24 Infants receiving breast milk and other liquids or solids were categorized as partially breastfed (high, >80%; medium, 20-80%; low <20%) based on relative quantity of breast milk consumed. 25 Serum analytes. Maternal and infant serum were analyzed for 25-hydroxyvitamin D [25(OH)D], a metabolite of vitamin D that serves as the principle circulating reservoir and indicator of overall vitamin D status, by enzyme immunoassay (Immunodiagnostic Systems Ltd., Gaithersburg, MD). Measures of maternal serum calcium (BioVision Calcium Colorimetric Assay) and parathyroid hormone (PTH) by enzyme-linked immunoassay (Abnova, Walnut, CA) were also completed at each data collection point.
DNA methylation. DNA was extracted from maternal and infant leukocytes as previously described in detail. 26, 27 Methylation from purified genomic DNA (3 lg) was quantified using the Illumina Infinium DNA methylation 450K bead-based array. [28] [29] [30] Biological relevance of differentially methylated genes was determined using the Database for 372 ANDERSON ET AL.
Annotation, Visualization and Integrated Discovery (DA-VID) v6.8. 31, 32 
Data collection
Women were enrolled at 24-28 weeks of pregnancy. At this time, self-reported maternal demographic characteristics were recorded. At enrollment and at 4-6 weeks postpartum, participants completed the FFQ. Infant supplemental vitamin D intake was recorded by maternal report for the 4-6 week period. Venipuncture was performed in women at enrollment, birth, and at 4-6 weeks postpartum, with serum samples at each time point serving as the source for 25(OH)D, calcium, and PTH quantification and isolated leukocytes at birth and 4-6 weeks postpartum serving as the source for DNA methylation analyses. Infant heel stick was also performed at 4-6 weeks of age. Leukocytes were isolated and genomic DNA extracted and purified for use in infant DNA methylation analysis. Data were also obtained through maternal medical record abstraction at enrollment and at 4-6 weeks postpartum, including prepregnancy weight, current weight, height, gravidity, parity, history of significant medical conditions, date of last menstrual period, obstetric estimate of due date, characteristics of labor and birth, and newborn anthropometric measurements.
Data analysis
Maternal characteristics and serum analytes were examined and compared among the control versus intervention group. Differentially methylated CpG sites were identified using the GenomeStudio DNA methylation module (Illumina) following normalization of methylation data. Average beta scores for each individual CpG site ranging from 0 (0% methylation) to 1 (100% methylation) within a given sample were compiled for mothers and infants in the intervention and control groups. Individual CpG dinucleotides having a change in beta (delta.beta) score greater than 0.2 (indicating >20% difference in methylation compared to controls) and a p-value <0.05 by two-tailed t test were defined as having significantly differential methylation. Intention to treat guided serum measures of 25(OH)D, calcium, and PTH with significance determined by two-tailed t test ( p-value <0.05). Biological relevance of differentially methylated genes was determined through functional annotation clustering using DAVID bioinformatics resources based on gene ontology and enrichment score (geometric mean of all enrichment p-values for each annotation term associated with gene members in the group) to determine rank importance of biological functions for associated genes. 32 Functional annotation clustering explores group by group annotations, rather than one by one singular terms, to identify related genes in a network format (false discovery rate <0.05 for multiple testing correction). Enrichment scores enable interpretation of biologic relevance of functionally related genes and their relationship in a network format, ranking overall importance of association with gene members in a group. Scores that indicate importance of gene members are typically higher, with enrichment scores consistent with importance. Enrichment scores >1.3 reflect greater importance although lower scores retain biological plausibility.
Results
Participant characteristics
As shown in Figure 1 , among the 16 participants randomized to the control and intervention groups (n = 8/group), 13 participated in the study (control group, n = 6; intervention group, n = 7 14 ). Data were available for all participants at birth but, due to loss to follow-up, analysis was limited to three control group dyads and seven intervention group dyads at the 4-6 week postpartum time point. As previously reported, 14 all participants reported white race, and the control and intervention groups did not significantly differ in maternal age, parity, body mass index, dietary vitamin D intake, or dietary calcium intake at enrollment ( p-values >0.21). As reported, 14 timing of randomization and timing of birth did not significantly differ among the groups ( p-values ‡0.22), allowing for *11 weeks of prenatal vitamin D supplementation or placebo before sampling at birth and an additional 4-6 weeks of postnatal supplementation or placebo before sampling at postpartum. As shown in Table 1 , vitamin D supplementation among the intervention group significantly increased serum 25(OH)D levels among both mothers and infants while maintaining appropriate maternal calcium and PTH serum concentrations, indicating efficacy and safety of the intervention. Infant vitamin D supplementation was highly variable, with 1/3 infants in the control group and 5/7 infants in the intervention group receiving no vitamin D supplementation during the follow-up period per maternal report (X = 1,067 IU, SD = 1,514 IU; X = 1,714 IU, SD = 3,462 total dose among control and intervention infants, respectively).
Epigenome-wide comparisons of DNA methylation
First, we identified CpGs showing significantly different maternal leukocyte DNA methylation among the control versus intervention mothers at birth and at 4-6 weeks postpartum. As evidenced by a delta.beta of ‡0.2 and p-value of £0.05 per two-tailed comparison, adequate vitamin D supplementation was associated with significant maternal DNA methylation gain at 76 and loss at 89 CpGs at birth ( Fig. 2a ) and gain at 200 and loss at 102 CpGs at postpartum ( Fig. 2b ) among the intervention versus control group. Next, we compared epigenome-wide leukocyte DNA methylation at 4-6 weeks of life among intervention versus control infants. Per maternal self-report, all control infants with available data were exclusively breastfed (n = 3). Among infants in the intervention group, three were exclusively breastfed, and the remaining four were categorized as partially breastfed (high), consuming a low relative quantity of formula (mean 306.0 [SD 516.3] total mL; 10.9 mL daily) from birth to time of assessment. 24, 25 Among infants in the intervention group, 217 CpGs were identified with significant methylation gain and 213 CpGs with significant methylation loss ( Fig. 2c ).
Biological relevance of differential DNA methylation
Next, we examined the biological relevance of differential DNA methylation by functionally annotating gene sets associated with differentially methylated CpG dinucleotides using DAVID bioinformatics resources. Among mothers, CpGs with significant methylation gain among the intervention versus control group were associated with 45 known genes at birth and 130 known genes at postpartum. Twenty-four VITAMIN D EPIGENOME 373 of these genes were common to both sampling time points. Functional annotation clustering results are presented in Table 2 , with genes associated with CpGs with methylation gain showing the strongest functional relevance for cell migration/motility at birth (enrichment score = 2.7) and cadherin signaling at postpartum (enrichment score = 18.23). Focusing on the 24 genes with gain in methylation common to both the birth and postpartum assessments, relevant biological associations included metabolic processes, transcription, ion binding, and cellular membrane function (data not shown), suggesting that these processes are significantly more enriched or important in this study.
Maternal leukocyte CpGs with significant loss among the intervention versus control group were associated with 52 known genes at birth and 70 known genes at postpartum, with 23 genes showing overlap between the two time points. The functional clusters associated with methylation loss are also presented in Table 2 . While no cluster exceeded an enrichment score of 1.3 at birth, which indicates greater importance, it is notable that differential regulation of cellular membrane processes and ion binding would be expected to show functional implications for bone and calcium homeostasis, as well as a wide range of cellular processes. During postpartum, genes associated with methylation loss most strongly mapped Also of interest, functional clusters of genes regulating transcription and hormone regulation arose during the postpartum assessment but were not present at birth. In analyzing the 23 genes linked to methylation loss at both birth and postpartum, relevant biological associations included cellular membrane, DNA-dependent transcription, cation binding, and glycosylation (data not shown).
Among leukocytes sampled from infants at 4-6 weeks of life, CpG dinucleotides showing methylation gain following maternal pre-and postnatal vitamin D supplementation were associated with 129 known genes, and CpG dinucleotides showing methylation loss were associated with 135 known genes. Functional clustering of differentially methylated gene sets is shown in Table 2 . In this study, collagen metabolic processes (enrichment score = 1.82) and regulation of apoptosis (enrichment score = 1.61) showed the highest enrichment scores for genes linked to CpG loci with gain and loss of methylation, respectively.
Discussion
Health outcomes due to lower vitamin D status often do not present until there is evidence of severe disease, underscoring the importance of identification of mechanistic underpinnings for deficiency or insufficiency across the life span. As vitamin D is known to regulate DNA methylation, we sought to identify the combined effect of pre-and postnatal vitamin D supplementation on leukocyte epigenome-wide DNA methylation in pregnant and lactating women and their breastfed infants as a first step in unraveling the molecular underpinnings linking vitamin D status with related health outcomes during critical developmental stages.
Epigenetic investigation linking vitamin D status with health outcomes has been conducted in cell culture, animal, and human studies. [17] [18] [19] [20] 33 We, and others, have investigated vitamin D-associated DNA methylation in mothers during a single time point in pregnancy 20, 21, 26 and in placental tissue. 22, 34 In this study, we extend observations of vitamin D-associated differences in DNA methylation in women at birth and during early lactation and among their breastfed infants. Our findings provide evidence of maternal and infant vitamin D status as a potential driver of differential DNA methylation at multiple loci across the maternal and infant epigenomes, providing initial evidence of putative molecular targets for long-term health outcomes.
In this study, maternal supplementation with 3,800 IU of vitamin D per day was associated with mean 25(OH)D levels reflective of sufficient maternal vitamin D status by birth among the intervention group, as well as significant gains in maternal leukocyte DNA methylation associated with genes involved in cell migration/motility, development, and growth. The implications of methylation gain for gene expression and pathway activity remain to be determined. It is well known that pathways regulating blood vessel development are central to biological processes associated with the demands for a hypertrophic maternal circulatory system, and continued development of the circulatory needs of the placenta and maternal vitamin D status has been shown to affect placental vascular endothelial growth factor gene expression. 35 Sufficient maternal vitamin D levels in pregnancy among the intervention group were also associated with methylation loss at birth in pathways enriched for genes regulating metabolic, immune, and neurologic function, providing further insight to potential mechanisms underlying adverse outcomes in pregnancy, including gestational diabetes, preterm birth, and preeclampsia. Consistent with findings that deficient maternal vitamin D status in pregnancy may have adverse effects on motor and social development in children, 36 differential DNA methylation regulating neurologic function also represents a key pathway for further exploration.
During lactation, maternal demands involve return to physiologic pre-pregnancy state and support of infant nutritional demands. Sufficiency in maternal vitamin D among the intervention group during lactation was associated with significant maternal leukocyte methylation gain in genes regulating cadherin signaling, adhesion complexes involved in establishment and maintenance of neural synaptogenesis and plasticity, and vascular/endothelial development. Methylation gain and loss in ion/calcium binding and hormone stimulus response align with expected associations with bone health. 37 Similar to genes associated with methylation loss in pregnancy, genes in pathways regulating immune function also showed a loss of methylation during lactation among women in the intervention group. Methylation loss in transcriptional regulation among lactating women with sufficient vitamin D status also highlights the central role of methylation in gene transcription and potentially gene expression.
Emerging evidence also supports the role of DNA methylation during vulnerable periods of growth and development in driving tissue-specific gene expression, generating an infant phenotype designed to match the predicted environment. 38 Current findings demonstrate inconsistent results in studies of the epigenetic effect of vitamin D targeting growthspecific imprinted differentially methylated regions. In a study of maternal vitamin D deficiency and DNA methylation on offspring growth, 20 low birth weight and greater weight at 3 years were not regulated by DNA methylation in nine targeted growth-associated differentially methylated regions. Conversely, maternal vitamin D depletion affected DNA methylation at growth-associated imprinted loci in a mouse model in both germline and soma, providing evidence for transmission of epigenomic marks across generations. 18 In this study, we implemented an epigenome-wide approach to identify differentially methylated loci among infants born to mothers supplemented with 400 IU (i.e., control) versus 3,800 IU (i.e., intervention) daily of vitamin D. Among infants in our sample, all of whom were exclusively or partially breastfed (high), 24, 25 those born to mothers in the intervention group showed methylation gain at loci with biological implications for developmental processes, including bone, lung, palate, metabolic, and nervous system. Among infants of mothers in the intervention group, methylation loss was associated with genes known to play a role in metabolic processes and signal transduction pathways, a finding also noted in examining the leukocytes of their mothers.
Also of note is the relevance of the current findings to regulation of immune function, consistent with the associations noted among vitamin D deficiency and atopic and autoimmune disorders in childhood. Our findings vary from those of Suderman et al., 21 who reported no association between maternal vitamin D status and the methylation of DNA isolated from umbilical cord blood using an epigenome-wide approach. It is notable that mean maternal 25(OH)D levels, which served as a continuously measured predictor in the Suderman study, exceeded the recommended lower limit for pregnant women by more than twofold among assessed participants. Junge et al. 39 have reported a significant association between vitamin D deficiency and atopy and wheezing in children in the first 3 years of life, as well as 508 significantly differentially methylated regions associated with 483 genes in children with high compared with low 25(OH)D3 levels. Taken together, evidence supports the importance of vitamin D status during critical developmental periods for improved long-term immune health.
The strengths of this study include the double-blinded randomized controlled design with placebo control and repeated measures of maternal DNA methylation at time of birth and during lactation, coupled with infant DNA methylation after 4-6 weeks of exclusive or partial (high) breastfeeding. Using a genome-wide approach, we were able to generate data which may be used to guide follow-up studies evaluating potential mechanisms, clinical care, and long-term outcomes associated with optimal vitamin D status during pregnancy and lactation with the potential to improve maternal and infant health. Study limitations include a small sample size, although findings contribute positively to the body of literature for which there are few similar studies. While infant vitamin D supplementation was highly variable, there was not a notable difference in control versus intervention group suggesting that infant 25(OH)D levels and leukocyte DNA methylation were driven by the maternal intervention and not differences by chance in infant supplementation. We were also unable to determine sustained DNA methylation changes beyond 6 weeks after birth in mothers or infants based on study design underscoring the need for further investigation. We and others 40 agree that there is a need for continued investigation to determine the effect of vitamin D on epigenetics that extend from preconception to birth and postnatal life to generate data on pregnancy outcomes in both mothers and infants.
This pilot study and future work in this line of research may hold important clinical implications, as there is a growing body of evidence that maternal vitamin D supplementation offers benefit beyond the promotion of bone health in the absence of documented adverse effects, including by decreasing risk for preeclampsia, low birth weight, and preterm birth. 41 The influence of DNA methylation on diverse biological networks represents potentially modifiable changes that can be manipulated to improve a broad range of health outcomes. To better elucidate the pathways linking differential leukocyte DNA methylation to maternal and offspring health, future validation studies will benefit from concomitant measurement of DNA methylation and expression of associated genes. Another important topic of investigation will be the identification of serum 25(OH)D levels required to avoid aberrations in specified maternal and infant biologic systems, which was not possible in this intention-totreat pilot study. Indeed, under current definitions, many pregnant women fail to avoid deficiency, 5, 6, 42 which is identified according to a serum 25(OH)D value of <20 ng/mL on the basis of the vitamin's role in the promotion of bone health. 2 As studies continue to elucidate the mechanisms by which maternal vitamin D affects the health of the mother and her infant, there may be greater opportunity to produce informed prenatal care recommendations that promote both short-and long-term health across a broad range of biological systems.
Conclusions
In conclusion, this double-blind, randomized controlled pilot study provides novel evidence that maternal vitamin D supplementation during human pregnancy and lactation alters DNA methylation in mothers and breastfed infants. Among mothers, associated gene clusters showed strongest biologic relevance for cell migration/motility and cellular membrane function at birth and cadherin signaling and immune function at postpartum. Among infants, genes showing differential methylation mapped most strongly to collagen metabolic processes and regulation of apoptosis. This study adds to a small but growing body of literature suggesting that maternal vitamin D status plays an important role in shaping maternal and infant health in the prenatal period and during lactation by influencing the epigenomic landscape. Additional work is needed to fully elucidate the short-and long-term biologic effects of vitamin D supplementation at varying doses, which could hold important implications for establishing clinical recommendations for prenatal and offspring health promotion. 5, 6, 42 
